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G rap h en e, a  o n e -a to m  th ick  zero  gap  sem ico n ­
d u cto r  [1, 2 ], has b e e n  a ttr a c tin g  an  in creasin g  
in te r e st  d u e  to  its  rem ark ab le  p h y sica l p ro p er tie s  
ran g in g  from  an  e le c tr o n  sp e c tr u m  resem b lin g  
r e la tiv is t ic  d y n a m ics [3, 4 , 5 , 6 , 7 , 8 , 9 , 1 0 , 1 1 , 12] 
to  b a llis t ic  tra n sp o r t u n d er am b ien t c o n d itio n s  
[1, 2 , 3 , 4 ]. T h e  la tter  m akes g ra p h en e  a  p ro m is­
in g  m a ter ia l for fu tu re  e lec tro n ic s  an d  th e  re­
c e n tly  d e m o n stra ted  p o ss ib ility  o f  ch em ica l d op ­
in g  w ith o u t s ign ifican t ch an ge in  m o b ility  h as im ­
proved  g r a p h en e’s p r o sp e c ts  fu rth er  [13]. H ow ­
ever , to  find  o p tim a l d o p a n ts  an d , m ore gen era lly , 
to  p ro g ress  tow ard s g ra p h en e-b a sed  e lec tro n ic s  
req u ires u n d ersta n d in g  th e  p h y sica l m ech a n ism  
b eh in d  th e  ch em ica l d o p in g , w h ich  h as b e e n  lack­
in g  so  far. H ere , w e p resen t th e  first jo in t e x p e r i­
m en ta l an d  th e o r e tic a l in v e stig a tio n  o f  a d so rb a tes  
o n  g ra p h en e . W e e lu c id a te  a  g en era l r e la tio n  b e ­
tw een  th e  d op in g  s tr e n g th  an d  w h eth er  or n o t  
ad so rb a tes  h ave a  m a g n etic  m om en t: T h e  para­
m a g n etic  s in g le  N O 2 m o lecu le  is fou n d  to  b e  a  
str o n g  a ccep to r , w h erea s its  d ia m a g n etic  d im er  
N 2O 4 cau ses o n ly  w eak  d o p in g . T h is  effect is re­
la ted  to  th e  p ecu lia r  d e n s ity  o f  s ta te s  o f  grap h en e , 
w h ich  p ro v id es an  id ea l s itu a tio n  for m o d e l s tu d ­
ies o f  d o p in g  e ffects  in  sem ico n d u cto rs . F u rth er­
m ore, w e ex p la in  recen t re su lts  o n  its  “ch em ica l 
se n so r ” p ro p e r tie s , in  p articu lar , th e  p o ss ib ility  
to  d e te c t  a  s in g le  N O 2 m o lecu le  [13].
Controlling the type and the concentration of charge 
carriers is a t the heart of m odern electronics: I t is the 
ability  of combining gate voltages and im purities for lo­
cally changing the density  of electrons or holes th a t al­
lows for the variety of nowadays available semiconduc­
to r based devices. However, the  conventional Si-based 
electronics is expected to  encounter fundam ental lim ita­
tions a t the spatial scale below 10 nm, according to  the 
sem iconductor industry  roadm ap, and th is calls for novel 
m aterials th a t  m ight substitu te  or com plem ent Si. Being 
only one atom ic layer thick, graphene exhibits ballistic 
tran sp o rt on a subm icron scale and can be doped heav­
ily — either by gate voltages or molecular adsorbates — 
w ithout significant loss of m obility [1]. In addition, later 
experim ents [13] dem onstrated  its poten tia l for solid sta te
gas sensors and even the possibility of single molecule de­
tection.
We show, th a t in graphene, aside from the donor- 
acceptor distinction, there are in general two different 
classes of dopants — param agnetic and nonm agnetic. In 
con trast to  ord inary  sem iconductors, the  la tte r type of 
im purities act generally as ra th e r weak dopants, whereas 
the param agnetic im purities cause strong doping: Due to  
the linearly vanishing, electron-hole sym m etric density of 
sta tes (DOS) near the Dirac point of graphene, localised 
im purity  sta tes w ithout spin polarisation are pinned to  
the centre of the pseudogap. Thus im purity  sta tes in 
graphene distinguish strongly from their counterparts in 
usual sem iconductors, where the DOS in the valence and 
conduction bands are very different and im purity  levels 
lie generally far away from the middle of the gap.
Im purity  effects on the electronic s truc tu re  of two­
dim ensional system s w ith Dirac spectrum  were investi­
gated in detail in connection w ith the problem  of high- 
tem pera tu re  superconductivity  in copper-oxide com­
pounds, and STM  visualization of the order param eter 
around im purities is one of the m ost straightforw ard evi­
dences of the  d-wave pairing in these system s [14]. For the 
case of a strong enough im purity  potential, the  form ation 
of quasilocalized electron sta tes in the pseudogap around 
the Dirac point is expected [14], whereas a weak potential 
will not lead to  the  form ation of quasilocalized sta tes at 
all. This m eans th a t, in general, in this situation  one can 
hard ly  expect a strong doping effect which requires ex­
istence of well-defined donor (or acceptor) levels several 
ten ths of electron volt away from the Fermi level. How­
ever, if the im purity  has a local m agnetic m om ent its en­
ergy levels split more or less sym m etrically by the H und 
exchange, of the order of 1 eV, which provides exactly 
the situation  favorable for a strong doping. To check 
th is assum ption we have chosen the  NO2 system  form­
ing bo th  param agnetic single molecules and diam agnetic 
dim ers N 2 O 4 . Note th a t m agnetism  of im purity  atom s in 
graphene is interesting not only due to  its effect on the 
electronic properties bu t also itself. As was shown re­
cently [15] ferrom agnetism  based on spin polarization of 
sp-electrons in narrow  im purity  bands should be charac­
terized by much higher Curie tem peratu res th an  typical 
for conventional m agnetic sem iconductors.
2Doping and gas sensing effects in graphene related  sys­
tem s a ttrac ted  a lot of research activ ity  in the last years. 
A lready the first experim ents w ith graphene showed the 
possibility of inducing charge carriers to  this m aterial 
by the adsorption of various gases including NH3 , H 2 O 
and NO2 [1]. Hall effect m easurem ents proved, th a t NH3 
induces electrons, whereas the la tte r two types of ad­
sorbates result in holes as charge carriers. Furtherm ore, 
they  showed th a t the detection of those gases a t rem ark­
ably low concentrations or for NO 2 even in the extrem e 
lim it of single molecules is possible [13].
C arbon nanotubes (CNT) being rolled up graphene 
sheets exhibit similar doping effects on gas exposure [16] 
and stim ulated  first principles studies of these systems: 
D FT  calculations for NO 2 , H 2 O and NH3  on nanotubes 
revealed possible physisorbed geom etries on nondefective 
CNTs and developed a “stan d ard  model” to  in terp ret 
th is doping [17, 18, 19]: By considering of Mulliken or 
Lowdin charges of the  adsorbed molecules, N O 2 is found 
to  accept 0.1 e-  per molecule from the tube, whereas one 
NH3 molecule is predicted to  donate between 0.03 to  0.04 
e -  [18, 19]. However, this “stan d ard  m odel” for CNTs 
fails for graphene, especially in explaining the qualitative 
difference between N O 2 and the o ther adsorbates.
In this work we study  the NO2 and N2O4 adsorbate ef­
fects discussed above by combining ab-initio theory  w ith 
tran sp o rt m easurem ents. Theoretically, the  electronic 
properties of carbon related  m aterials and the predic­
tion  of adsorbate geom etries from first principles can be 
well addressed by the density  functional theory  (D FT). 
A lthough van der W aals forces are ill represented in the 
local density approxim ation (LDA) as well as in gradient 
corrected exchange correlation functionals (GGA) result­
ing in over- and underbonding, respectively [20], for polar 
molecules like N O 2 these errors are of m inor im portance: 
In sim ilar studies of N O 2 on nanotubes b o th  function­
als yield qualitatively  the same predictions of adsorp­
tion  energies and geometries [21]. Here, we apply bo th  
functionals, so th a t we obtain  upper and lower bounds 
for adsorption energies and related  stru c tu ra l properties, 
such as the  equilibrium  distances between molecules and 
graphene plane.
All D FT  calculations were carried out w ith the 
V ieanna Ab Initio Sim ulation Package (VASP) [22] using 
p ro jector augm ented waves (PAW) [23, 24] for describing 
the ion cores. The corresponding plane wave expansions 
of the  K ohn-Sham  orbitals were cut off a t 875 eV in the 
GGA [25, 26] and a t 957 eV in the LDA-calculations. In 
th is periodic scheme, single N O 2 and N2O4 adsorbates 
are m odelled in 3 x 3 and 4 x 4 graphene supercells, 
respectively. The ionic configurations presented in this 
le tte r are fully relaxed, i.e. all forces being less th an
0.02 eV Â - 1 , and the convergence of subsequent to ta l en­
ergy calculations is guaranteed by applying the te trah e ­
dron m ethod w ith Blochl corrections on T-centered k- 
meshes denser th an  30 x 30 x 1, when folded back to  the
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Figure 1: Left: Spin-polarised DOS of the graphene super­
cells w ith adsorbed NO2, a) - b),and DOS of graphene with 
N2O4, c) - e), in various adsorption geometries. The energy 
of the Dirac points is defined as E D =  0. In the case of NO2 
the Fermi level Ef of the supercell is below the Dirac point, 
directly at the energy of the spin down POM O, whereas for 
N2O4 Ef is directly at the Dirac points. Right: Adsorption 
geometries obtained w ith GGA. The carbon atoms are printed 
in blue, nitrogen green and oxygen red.
single graphene Brillouin zone.
In the spirit of Ref. [27], the DOS obtained in our 
D FT  calculations are the central quantities in the  follow­
ing discussion of the adsorbate effects on the electronic 
properties of the graphene sheets. In particu lar, the oc­
currence of a strong acceptor level due to  individual NO2 
molecules is predicted in th is way, as well as experim en­
tally  confirmed.
Gaseous N O 2 stands in equilibrium  w ith its dim er 
N2O4 giving rise to  various different adsorption mech­
anisms on graphene. For both , we obtained possible ad­
sorption geom etries as depicted in Fig. 1 right. The 
corresponding adsorption energies in GGA are 85 meV 
(a), 67m eV  (b), 67m eV  (c), 50m eV  (d) and  44m eV  (e) 
per molecule w ith sheet-adsorbate distances of 3.4 — 3.5A 
for the monom er and 3.8 — 3.9A for the  dimer. As usual, 
LDA yields higher adsorption  energies - approxim ately 
169 — 181 m eV for the monom er and  112 — 280 meV for 
the dim er - and favours the  adsorbates by 0.5 — 1A nearer 
to  the sheet.
The spin-polarized DOS of the supercells containing 
N O 2, shown in Fig. 1 a) and b), reveals a strong ac­
ceptor level a t 0.4 eV below the D irac point due to  these 
adsorbates in bo th  adsorption geometries.
The molecular orbitals of N O 2 correspond to  flat bands 
and m anifest themselves as peaks in the DOS. The ener­
gies of these peaks are v irtually  independent of the ad­
sorbate orientation. Most im portan t for doping effects is 
the partia lly  occupied molecular orbital (PO M O ) of NO2, 
which is split by a H und like exchange interaction: The 
spin-up com ponent of th is orbital is approxim ately 1. 5 eV 
below the Dirac point and fully occupied, as it is also for 
the case of free N O 2 molecule. The spin down com ponent
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3of the NO2 PO M O  is unoccupied for free NO2, bu t 0.4 eV 
below the D irac point in the  adsorbed configuration [29]. 
Hence, it can accept one electron from graphene.
In con trast to  the param agnetic monomer, the  dimer, 
N2O4, has no unpaired electrons and is diam agnetic: 
on form ation from two monom ers the  two PO M O s hy­
bridize. The resulting bonding orbital is the highest occu­
pied m olecular orbital (HOM O), whereas the antibond­
ing com bination forms the lowest unoccupied molecular 
o rbital (LUMO) for free N2O4. The possibility of dop­
ing effects due to  adsorbed dim ers has been investigated 
using the DOS depicted in Fig. 1 c) - e).
Again, the m olecular orbitals of the  adsorbates are rec­
ognizable as sharp  peaks in the supercell DOS. One finds 
th a t the HOM O is in all cases more th an  3 eV below the 
Fermi level and therefore does not give rise to  any dop­
ing. However, the  LUMO is always quite near to  the 
Dirac point, i.e. between 1 meV and 66 meV above it
[30].
These initially  em pty  orbitals can be populated  by the 
graphene electrons due to  therm al excitations and act 
consequently as acceptor levels. Thus both, N2O 4 and 
NO2, give rise to  p-type doping of graphene — w ith 
one decisive distinction: The affinity of the param ag­
netic m onom er to  accept electrons from graphene is much 
stronger th an  for the dimer, m anifesting itself in the  en­
ergies of the acceptor levels being well below and near 
the D irac point, respectively. This confirms exactly our 
estim ations th a t m agnetism  is crucial for a strong dop­
ing effect. W ithou t spin polarization, the  quasilocalized 
sta tes are typically formed in the  pseudogap of the  host 
DOS: The resonant energy of an im purity  s ta te  is approx­
im ately located, where the  real p a rt of the denom inator 
of the  scattering  T -m atrix  vanishes [14]. Here, however, 
it is H und exchange splitting  which creates acceptor (or 
donor) peaks a t distances of order of half of an eV which 
is optim al for strong doping, as we observed for the case 
of NO2.
Experim entally, the  existence of these two distinct 
types of im purity  levels was confirmed by combining elec­
tric  field effect and Hall m easurem ents a t different ad­
sorbate concentrations. W ith  the experim ental setup de­
scribed in [13] we m easured the Hall resistance R xy of an 
NO2-exposed graphene sam ple as a function of the gate 
voltage VG, where different adsorbate concentrations are 
achieved by repeated  annealing of the  sam ple a t 410 K.
At m agnetic fields B  =  1 T  and  room  tem peratu re  
T  =  290 K we obtained 1 /R xy versus VG as depicted in 
Fig. 2 . These m easurem ents exhibit two characteristic 
features.
For gate voltages below — 10 V the curves are shifted 
in parallel tow ards lower 1 /R xy values when increasing 
the absorbate concentration. Furtherm ore, the  peak cor­
responding to  R xy ^  0 is shifted to  higher gate volt­
ages, broadens and the m inim al |1 /R xy| values increase 
w ith more adsorbates on the sheet. We argue th a t this
a
Vg [V]
Figure 2: The inverse Hall resistance 1/Rxy is shown as a 
function of the gate voltage Vg for a graphene sample with 
different concentrations of NO2 on top. The solid lines are the 
experim ental results w ith the m argenta curve corresponding 
to  the highest and the green curve to  the lowest concentration 
of adsorbates. The dotted  lines are the simulations.
behaviour, as a whole, is a direct evidence of the two 
distinct acceptor levels (See Fig. 3 .).
D epending on the adsorbate concentration and the 
gate voltage there  are in general three different types 
of charge carriers contributing to  the Hall effect: elec­
trons and holes in graphene as well as electrons in the 
im purity  sta tes. Assuming an equal electron and hole 
m obility in graphene, the inverse Hall resistance is given 
by l / i ? xy =  where n  (p ) is the density of
electrons (holes) in graphene, c is the  density  of elec­
trons in im purity  sta tes and ^  their m obility in units of 
the graphene electron mobility.
We determ ined ^  «  0.08 from our electric field ef­
fect m easurem ents and the only adjustable is param e­
ter density  of im purity  sta tes N imp(E ) yielding c via the 
Fermi distribution. As the gate voltage VG =  a a  is di­
rectly  related  to  the to ta l charge density  of the sample 
a  =  e(c +  n  — p), where the prefactor a  is determ ined by 
substra te  properties as described in [1], we can sim ulate 
the Hall resistance as a function of VG by assum ing an 
explicit form of the  im purity  DOS.
It tu rns out, th a t for reasonable agreem ent of all ex­
perim ental curves w ith the sim ulations N imp(E ) has to  
be peaked around two d istinct energies, E 1 <  —300 meV 
and E 2 «  —60 meV. Therefore, the  experim ent yields two 
types of acceptor levels, one ra th e r close to  the Dirac 
point and the o ther well below, in agreem ent w ith the 
D FT  predictions. The sim ulations shown in Fig. 2 are 
according to  these im purity  level energies, in particu ­
lar N imp(E) =  C1 Ö(E — E 1 ) +  C2 $(E  — E 2 ) [31]. Fit-
4VG [V]
Figure 3: The inset shows the DOS of graphene (magenta) 
w ith the strong acceptor level (blue) and the weak acceptor 
level (green) near the Dirac point. These im purity levels m an­
ifest themselves in the experim ental 1/Rxy versus Vg curves 
shown in the main panel. After long annealing (84h) one ob­
tains the brown curve, whereas red curve corresponds to  a 
higher adsorbate concentration on the sheet. The deep ac­
ceptor level causes a solid shift a t all Vg , while the acceptor 
level close to  the Dirac point gives rise to  an additional shift 
only at larger positive gate voltages.
0 .0 t ------- '-------1------- '-------1-------'-------1------- '-------
0 24 48 72 96
Annealing time [h]
Figure 4: The measured adsorbate concentrations are shown 
as a function of annealing time. Those were obtained by iden­
tifying the NO2 (N2O4 ) concentrations w ith the density of 
im purity states ci (c2). The la tte r have been determ ined by 
fitting the sim ulated 1 /R xy versus Vg curves to  our experi­
ments.
ting  the num ber of im purity  sta tes c1 (c2) a t —300meV 
(—60 meV) to  each experim ental curve yields the  values 
for c1 and c2 depicted in Fig. 4 .
One sees th a t the adsorption of monom ers and dimers 
is sim ilarly likely, so th a t understanding the in terplay  of 
adsorbate and gate voltage effects on the  tran sp o rt prop­
erties of N O 2 exposed graphene requires accounting for 
monom ers as well as dimers. Note also, th a t the  simi­
lar adsorption  and annealing ra tes for NO2 and N2O4 in 
experim ent correspond nicely to  the  fact, th a t in both, 
GGA and LDA, the adsorption energies of the  monomer 
are quite close to  those of the  dimer.
In conclusion, we have elucidated the microscopic ori­
gin of doping effects due to  molecular adsorbates on 
graphene and work out the crucial relation between m ag­
netic m om ents and doping streng th  in th is context. In 
particu lar, we prove the occurrence of a strong accep­
to r level due to  single NO 2 molecules which is associated 
w ith the form ation of local m agnetic m om ent. Especially 
th is strong acceptor level is the origin of m any in terest­
ing phenom ena and a prom ising candidate for tailoring 
the electronic and m agnetic properties of future graphene 
devices. Besides explaining the  effect of single molecule 
detection reported  in [13] it is capable of controlling the 
occupancy of flat im purity  bands in graphene near the 
Dirac point and can give rise to  exchange scattering. 
This earns future a tten tion , as it can result in strongly 
spin-polarized im purity  sta tes [28] and guides a possible
pathw ay [15] to  high tem pera tu re  m agnetic order in this 
m aterial.
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